Following the magnitude-9.0 Tohoku earthquake on 11 March 2011 and the subsequent failure of the Fukushima No. 1 nuclear power plant, radioactive iodine was released into the environment.
Following the magnitude-9.0 Tohoku earthquake on 11 March 2011 and the subsequent failure of the Fukushima No. 1 nuclear power plant, radioactive iodine was released into the environment. 1 Radioactive isotopes of iodine 131 and 129 are produced during the fission of uranium atoms, and can be liberated during the normal operation of nuclear reactors and fuel reprocessing facilities, 2 as well as in the cases of nuclear accidents. Although 129 I is much less radioactive than 131 I with a half-life of 8.02 days, its long half-life (1.57 × 10 7 years) allows it to diffuse over a long period of time in the hydrosphere, including groundwater and seawater, as anions (most often as iodide, I -). To date, several procedures have been developed for the recovery of iodide anions from aqueous solutions. I -can form precipitates with metal cations, such as Bi 3+ and Pb 2+ , at the high concentration. Lefèvre et al. found an affinity of cuprous oxide (Cu2O) toward I -, where the sorption capacity was unaffected by the presence of a 1000 fold excess of Cl -ions. 3 However, the potential region at which Cu2O existed stably was as small as about 0.2 V. Polyethylenimine-epichlorohydrin resins showed the maximum sorption capacity values, as high as 600 mg/g; however, the addition of background electrolytes (NaCl and Na2SO4) remarkably reduced their performance. 4 Layered or porous minerals, such as clays and zeolites, possess a negatively charged surface and exhibit cation-exchange properties as a result. Organoclays, which are produced from natural clays through a modification with cationic surfactants, provide an affinity for non-polar organic species and inorganic anions. 5 Dultz and Bors 6 and Riebe et al. 7, 8 modified bentonite clay minerals by replacing natural inorganic cations with tetra-alkylammonium ions. The resulting organoclays exhibited a high sorption capacity for I -, compared to untreated samples, especially when samples were treated with hexadecylpyridinium (HDPy) cations. When a large volume of contaminated water is treated, we must keep it in mind that the sorbents possess a sufficient selectivity toward the object with respect to major cations and anions existing in wastewater. In the present study, a thin film of organo-modified multilayered MnO2, whose interlayer is occupied with HDPy surfactants, was fabricated on an electrode substrate through a simple electrochemical approach. The electrode-supported film was investigated with regard to the sorption capability for iodide anions in both the absence and presence of NaCl and Na2SO4. To the best of our knowledge, this is the first iodide sorbent with a thin-film form. The preparation process, an anodic electrodeposition, can readily supply thin and uniform films with a large surface area, even on a substrate of complex shape.
Non-radioactive NaI (99.5%) and hexadecylpyridinium chloride (HDPyCl, >99.0%) were purchased from Wako Pure Chemicals, and used without further purification. The electrodeposition of MnO2 was made in a standard three-electrode cell using a potentio/galvanostat (HZ-5000, Hokuto Denko). A platinum mesh and an Ag/AgCl electrode (in saturated KCl) were used as the counter and reference electrodes, respectively. Various conducting substrates including PET film and carbon cloth were utilized as the current collector for the electrodeposition of MnO2. The deposition bath used was an aqueous solution containing 2 mM Mn2SO4 and 50 mM HDPyCl, while a constant potential of +1.0 V was applied. These conditions had been optimized to produce a highly crystallized MnO2 film accommodating cetyltrimethylammonium ions. 9 For X-ray diffractometry and reflection-absorption infrared spectrometry, a 1 cm 2 plate of polycrystalline platinum was used. There was no significant difference in the structure of deposits among the substrates employed.
A series of sorption experiments were conducted using an indium-doped tin oxide (ITO)-coated glass slide (R = 10 Ωcm) with an active area of 9 mm × 20 mm. Prior to electrodeposition, the electrode surface was ultrasonically cleaned in a diluted HCl 2013 © The Japan Society for Analytical Chemistry † To whom correspondence should be addressed. We have fabricated a thin film of multilayered MnO2 whose interlayer is occupied with hexadecylpyridinium (HDPy) cations, using a simple anodic approach. The resulting film can effectively sorb iodide anions from aqueous solutions, even in the presence of NaCl or Na2SO4. The maximum sorption capacity was estimated to be 256 mg/g-MnO2, whereas a layered MnO2 film intercalated with K + ions showed no significant sorption. The layered structure of the HDPy/MnO2 composite remained unchanged after a sorption experiment. This indicates the incorporation of I -ions between MnO2 layers due to their specific affinity toward HDPy.
Keywords Iodide, hexadecylpyridinium, layered MnO2, electrodeposition, sorption isotherm Rapid Communications solution for 10 min, and then thoroughly rinsed with distilled water. The I -concentration in test solutions was measured using a UV spectrometer (V-6700S, Jasco) at a wavelength corresponding to the maximum absorbance; i.e., 226 nm. 3 Preliminary experiments indicated that a contact time of 48 h was sufficient for the establishment of equilibrium between the sorbent and the solution. The amount of sorbed iodide ions at equilibrium (qe, mg/g) was calculated by the following equation:
where C0 and Ce (mg/L) are the initial and equilibrium concentrations of I -ions, respectively, and V (L) is the initial volume of the NaI solution; m stands for the mass of the sorbent, which is defined as pure MnO2, and calculated based on the charge passed during electrodeposition with a Faradaic efficiency of 98%. The as-deposited MnO2 film with HDPy gave the XRD pattern in Fig. 2A(a) . Five evenly-spaced peaks appear, being diagnostic of a highly-ordered layered structure. 9 The lowest angle peak can be indexed to the 001 plane, whose d-spacing corresponds to the interlayer spacing (2.59 nm). The same film presents infrared absorptions that are the same as those of pristine PDPyCl and that (534 cm -1 ) due to the stretching vibrations of Mn-O bonds in MnO2, 13 evidencing the incorporation of HDPy molecules in the MnO2 film. Thus, there is no doubt about the formation of multilayered MnO2 accommodating HDPy surfactants in its interlayer space. Note that the peak at 1635 cm -1 due to the ring breathing mode of pyridine is enhanced, compared to that in pure HDPyCl.
14 According to the metal-surface selection rule for infrared spectra, this may reflect an orientation of pyridinium rings; i.e., the surfactants are accommodated so that the pyridium rings are perpendicular to the electrode surface.
After being equilibrated in pure water, the corresponding peaks slightly shift to higher angles. However, the pattern itself remains almost the same, which can also be confirmed by IR spectra (Fig. 2B(b) ). Next, the HDPy/MnO2 composite was immersed in NaCl and Na2SO4 solutions with high concentration. As can be seen from the figure, both electrolytes caused no significant effect. Clearly, the intercalated HDPy surfactants are not ion-exchanged with much smaller Na + ions (higher charge density) in solution. This can be ascribed to a hydrophobic interaction between the surfactants, themselves, in the interlayer. It is worth noting that the infrared absorption due to v(S-O) belonging to sulfate anions is not observed, which should appear at around 1100 cm -1 , if it is present. 15 This demonstrates the absence of anion-exchange sites in the interlayer space of HDPy/MnO2.
As shown in Fig. 3 , the sorption behavior of MnO2 films for iodide anions was investigated by monitoring an absorption peak at 226 nm. The figure compares the sorption capabilities between the MnO2 films intercalated with HDPy + (a) and K + (b) ions, where the delivered charge for electrodeposition was fixed to be 200 mC/cm 2 . In the case of HDPy/MnO2, the absorption peak due to I -decreases with increasing immersion time, indicating the removal of I -from the water body. Very small humps at 260 and 267 nm can be ascribed to the liberation of soluble HDPy molecules that were adsorbed onto the film surface during electrodeposition. The same feature was also observed when the HDPy/MnO2 film was immersed in pure water, which arises from π-electrons in the pyridine ring. 16 In contrast, K/MnO2 did not cause any significant decrease of I -.
In Fig. 4 , the sorption isotherms of HDPy/MnO2 for Icollected in both the absence and presence of NaCl and Na2SO4 are depicted. The background electrolytes were 10 and 3.3 mM, respectively, which correspond to the same ionic strength of 10 mM, being 100-times higher than that of NaI. For comparison purpose, the same experiments were made with K/MnO2. Clearly, the sorption properties of HDPy/MnO2 are not so affected by excess amounts of Na + , SO4 2- , or Cl -ions. Since no sorption capability is recognized for K/MnO2, the feature of HDPy/MnO2 can be ascribed to a specific affinity between HDPy and I -. This is in agreement with the view of Dultz and Bors for the organoclays with HDPy. 6 The XRD pattern of HDPy/MnO2 taken after the sorption experiment did not show any change in its microstructure (not shown), evidencing the accommodation of I -ions in the interlayer space occupied by HDPy. Table 1 gives the sorption parameters acquired by fitting the data in Fig. 4 to the Langmuir and Freundrich equations. Both equations could reproduce the experimental results in three solutions with R 2 values > 0.97. The maximum sorption capacity value (256 mg/g) in water is smaller than that (~600 mg/g) of polyethylenimine-epichlorohydrin resin, 4 while it is 20-times larger than that (~4 mg/g) of organo-modified zeolite. 17 Based on the deposited mass of the film with 200 mC/cm 2 , the surface area-normalized sorption amount can be calculated to 2.3 × 10 -2 mg/cm 2 . More importantly, the presence of NaCl or Na2SO4 did not significantly reduce the capacity value; i.e., 213 and 222 mg/g for NaCl and Na2SO4, respectively. The slight decrease can be explained in terms of a decrease in the activity of the sorbate as a result of an increase in the ionic strength. 18 The n values larger than 1 indicate that the sorption is a physical process. 19 In summary, we first developed a thin-film iodide sorbent consisting of multilayered MnO2 intercalated with surfactant molecules, which presents a maximum sorption capacity of over 200 mg/g, even in the presence of salts. This film can be fabricated on conducting substrates with a large surface area and flexibility. 
